Objective: Autologous vein is the preferred conduit for lower extremity bypass. However, it is often unavailable because of prior harvest or inadequate for bypass owing to insufficient caliber. Cryopreserved cadaveric vessels can be used as conduits for lower extremity revascularization when autogenous vein is not available and the use of prosthetic grafts is not appropriate. Many studies have shown that donor characteristics influence clinical outcomes in solid organ transplantation, but little is known regarding their impact in vascular surgery. The purpose of this study was to examine the effects donor variables have on patients undergoing lower extremity bypass with cryopreserved vessels.
Autologous vein is the preferred conduit for lower extremity bypass in patients with peripheral arterial disease owing to superior patency. However, autologous vein is often unavailable owing to prior harvest or inadequate caliber for successful bypass. 1 Cryopreserved veins and arteries are occasionally used as an alternative in these situations, although the literature reports patency rates inferior to both autologous vein and synthetic materials. [2] [3] [4] [5] [6] [7] Consequently, some authors have proposed that cryopreserved conduits should be used as a last resort or only for critical limb ischemia. 8 Extensive literature demonstrates that numerous cadaveric donor characteristics impact clinical outcomes in solid organ allotransplantation, but little is known regarding the effects donor characteristics have on vascular allotransplantation. 9 Variables impacting the patency of cryopreserved conduits remain an understudied area of clinical importance. The purpose of this study was to examine the risk-adjusted impact that patient, operative, and cadaveric donor characteristics have on patients undergoing lower extremity bypass with a cryopreserved vessel conduit. We hypothesized that increased warm ischemia times (WITs) would negatively impact the primary patency of these bypass grafts.
METHODS
Clinical data. Lifenet Health, the tissue processing organization, was queried for the serial numbers, allograft donor blood type, Rhesus immunization status, and WITs for all cryopreserved conduits implanted at a single center from 2010 to 2016. A total of 101 serial numbers for the corresponding cryopreserved conduits were provided during the study period. The institutional Clinical Data Repository was queried to match the serial numbers with the respective patient. Clinical data for all patients who underwent a lower extremity bypass with a cryopreserved superficial femoral artery, femoral vein, or saphenous vein for symptomatic peripheral arterial disease were included for analysis. Cryopreserved vessels used for trauma, upper extremity, carotid, cardiothoracic, or hepatobiliary purposes were excluded. Patient data were obtained from the Clinical Data Repository and chart review. This study was approved by the University of Virginia Institutional Review Board with a waiver of consent owing to its retrospective nature (IRB#17900).
Variable definitions and outcomes. This study's primary outcomes were primary patency of the cryopreserved bypass graft and limb salvage. The outcomes were defined according to the recommended reporting standards as detailed by Rutherford et al. 10 In short, a graft is primarily patent if it has uninterrupted patency with no subsequent procedures or has undergone a procedure to treat disease progression in an adjacent native vessel. Loss of primary patency was determined by objective testing including duplex ultrasound examination, angiography, magnetic resonance imaging, or direct observation. The presence or absence of a palpable pulse on physical examination was not used for this determination. A limb salvage procedure is defined as an operation intended to avoid a major amputation. Patients with prior major amputations, defined as an amputation requiring a prosthesis for standing or walking, were not included in the limb salvage analysis in accordance with the reporting standards. 10 Preoperative variables of interest were the medical comorbidities, donor blood type, WIT, whether the procedure was an inflow or outflow operation, and the use of arterial or venous allograft. Chronic kidney disease was defined as being at least stage III renal failure. Inflow procedures were classified as axillofemoral, iliofemoral, and femorofemoral bypasses. Outflow procedures were classified as femoropopliteal, femoraldistal, and popliteal-distal bypasses. Per the transplant literature, WIT refers to the period of time from arrest of donor cardiac activity to cooling of the explanted solid organ for transport or storage. 11 The WITs reported herein were recorded and verified by the tissue processing organization at the time of vessel harvest from the cadaveric donor. Saphenous veins are harvested first from the donor, followed by femoral arteries and veins. These values are reported on the product schematic when distributed to a surgical center for use. For the present study, the WIT represents the elapsed time beginning with either cessation of donor cardiac activity or pronouncement of death and ending with donor vessel explantation and cold storage; it is not inclusive of the duration of time after a cryopreserved vessel is thawed, prepared on the back table, and surgically implanted for bypass. Below-the-knee bypasses were classified as those with any infrageniculate target, including femoral below-the-knee popliteal and distal bypasses. Distal bypasses were classified as those to the tibioperoneal trunk, anterior or posterior tibial artery, or peroneal artery.
Statistical analysis. Continuous variables were normally distributed and presented as mean 6 standard deviation and categorical variables as count (%). Vessels were stratified by inflow or outflow procedure status for univariate analysis, using either independent t-test or c 2 test as appropriate. Additionally, time to loss of primary patency of the bypass conduits and limb salvage were evaluated using Kaplan-Meier methods and a Cox proportional hazards model was used to determine risk-adjusted predictors for primary patency of the bypass conduits and limb salvage. All statistical analyses were conducted using SAS 9.4 (SAS Institute, Cary, NC) with an a threshold of 0.05 for statistical significance. 
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RESULTS
Patient characteristics. Data were collected from 60 patients with peripheral arterial disease who underwent lower extremity bypass with 65 cryopreserved conduits during the study period. Among the entire cohort, 60% were male and the average age was 61.6 6 11.5 years. Table I details the unadjusted baseline patient, operative, and donor characteristics stratified by inflow and outflow procedures. There were significantly more patients with chronic kidney disease in the inflow group compared with the outflow group (38.1% vs 13.6%; P ¼ .02). There were no differences in age, sex, hyperlipidemia, hypertension, coronary artery disease, diabetes mellitus, or tobacco abuse between the two groups (Table I) . Additionally, there were no differences in patient demographics or preexisting comorbidities among grafts that lost primary patency and those that did not (Table II) . Operative details. Among the entire cohort, 38 operations were redo procedures. Two patients received a cryopreserved vessel bypass in both lower extremities and three patients had cryopreserved vessel bypasses that failed, were excised, and a redo bypass was performed using another cryopreserved conduit. Autologous vein options were either inadequate or absent in 27 cases. Nineteen cryopreserved conduits were implanted after failed catheter-directed attempts at revascularization. For 19 procedures, cryopreserved conduits were selected because of infection in a synthetic graft, aneurysm, or the adjacent tissue. A total of 21 inflow procedures and 44 outflow procedures were performed using the 65 cryopreserved conduits (Table I) . Inflow procedures included axillofemoral (23.8%), iliofemoral (23.8%), and femorofemoral (25%) bypasses. Synthetic grafts were avoided in these procedures mostly owing to infectious concerns because four axillofemoral (80%), three iliofemoral (60%), and nine femerofemoral (81.8%) operations were performed in the face of infection. Outflow procedures included femoropopliteal (25%), popliteal-distal (9.1%), and femoral-distal bypasses (65.9%). Infrageniculate bypasses accounted for 95.5% of the outflow procedures. The most common surgical indication overall was critical limb ischemia (64.6%; P < .01), and significantly more outflow operations were indicated for critical limb ischemia compared with inflow procedures (84.1% vs 23.8%; P < .0001).
Donor characteristics. Twenty-three cryopreserved superficial femoral arteries and 42 cryopreserved veins (41 saphenous veins and 1 femoral vein) were implanted. Cryopreserved arteries were used as conduits in significantly more inflow procedures compared with outflow procedures (76.2% vs 15.9%; P < .0001). Overall, cryopreserved arteries were used in 1 axillofemoral bypass (20%), 5 iliofemoral bypasses (100%), 10 femorofemoral bypasses (90.9%), 4 femoropopliteal bypasses (36.4%), 3 femoral-distal bypasses (10.3%), and in no popliteal-distal bypasses. Surgical indication did not differ between inflow and outflow groups, or grafts that lost patency. Donor blood types did not differ significantly between groups, and donorto-recipient ABO/Rhesus compatibility did not differ between groups (Tables I and II) . The mean WIT among the entire cohort was 892.3 6 389.1 minutes (range, 158.0-1434.0 minutes). On univariate analysis there was no difference in the average WIT between the inflow and outflow groups ( Table I ). The average minimum conduit diameter was significantly larger in inflow procedures compared with outflow procedures (6.5 6 1.3 vs 5.1 6 1.2; P < .0001).
Patency and limb salvage. Fig 1 displays the KaplanMeier analysis for time to loss of primary patency, stratified by inflow versus outflow (Fig 1, A) and arterial versus venous conduit (Fig 1, B) . Overall primary patency at 1 year was 51.1%. Primary patency at 1 year for inflow procedures was 67.2% compared with 41.4% for outflow procedures (P ¼ . Fig 2 displays boxplots of the WIT among patent and nonpatent grafts at 100 days (Fig 2, A) and 300 days (Fig 3, A) . Overall, 26 bypasses lost primary patency. Analysis of primary assisted and secondary patency did not reveal a correlation with WIT.
Table III displays the patient, operative, and donor characteristics of the 36 operations meeting criteria for limb salvage. Eight of these patients ultimately underwent a major amputation. Limb salvage operations were significantly more likely to involve an outflow procedure (86.1% vs 13.9%; P < .05). Kaplan-Meier analysis demonstrates the amputation-free survival at 1 year to be 74% (Fig 3) . Table IV displays the hazard ratios (HRs) for loss of primary patency and limb loss. After adjusting for chronic kidney disease, diabetes, tobacco abuse, and inflow and outflow vessels, the risk-adjusted primary patency independently decreased with each hourly increase in WIT (HR, 1.1; P ¼ .02). Chronic kidney disease was an independent predictor for loss of primary patency (HR, 5.13; P ¼ .04). Distal and popliteal outflow procedures were significant predictors for loss of primary patency (HR, 49.6 and 87.4; P ¼ .03 and .01, respectively). Cryopreserved artery compared with cryopreserved vein did not independently predict patency in this population (HR, 0.65; P ¼ .60). WIT did not independently predict limb loss (HR, 1.0; P ¼ .60). ABO compatibility was not significantly associated with an increased likelihood of limb salvage (HR, 1.87; P ¼ .51).
DISCUSSION
The present study reports the impact of cadaveric donor characteristics on the primary patency of cryopreserved vascular conduits used for lower extremity bypass and represents the first to evaluate WIT and find that WIT affects patency. These data showed that primary patency decreased for every hour increase in WIT (HR, 1.1; P ¼ .02). ABO compatibility did not affect limb salvage. Overall primary patency at 1 year was 51.1%. Amputation-free survival at 1 year was 74%. These results provide additional insight into using cryopreserved conduits for these procedures.
Overall primary patency at 1 year in the present study was 51.1%, and is one of the higher rates compared with similar series. Postoperative factors may have influenced the clinical outcomes in this study. A possible confounding variable regarding our limb salvage data is that, during the study period, our group hired a full-time wound care and management nurse responsible for rounding on these patients and seeing them in clinic. This dedicated wound care professional may have had an effect on the relatively high rate of limb salvage. Additionally, limb salvage is likely reflective of ultimate patency, and the present analysis did not find a consistent correlation between WIT and primary assisted and secondary patency. Limb salvage is more reflective of ultimate patency and explains why WIT did not ultimately correlate with limb salvage. Tables I and II report postoperative antiplatelet and anticoagulation management, which did not follow a formal, standardized pathway. Dual antiplatelet therapy was used in significantly more grafts that lost patency (Table II ). This may reflect that patients in whom these procedures were performed were deemed to be high risk and were more aggressively treated.
Cryopreserved femoral arteries are much stronger tissue than saphenous vein, and the improved patency of arterial conduits compared with venous conduits in cardiac surgery is well-known. 11 Few studies have reported outcomes with cryopreserved arterial conduits and these found a high rate of degeneration and loss of patency. 12, 13 In the current study, cryopreserved arterial conduits were not predictive of patency. Arterial conduits had a higher rate of primary patency at 1 year in the present study, although not statistically significant (Fig 1, B) . However, arterial conduits were also used in more inflow procedures and, also, had shorter WITs. WIT is a known variable affecting outcomes in organ transplantation and allograft cardiac valves. 9, [14] [15] [16] St. Louis et al 15 published a report in which they assessed injury to allograft cardiac valves and found that cellular adenosine triphosphate was depleted after just 2 hours of hypoxia. 15 Another study used flow cytometry to assess cell viability in allograft valves and found a significant negative correlation between WIT and cell viability. 16 Currently, many techniques are used in clinical practice to condition organs that have been subject to extended ischemia times to improve outcomes. 17 However, femoral arteries and saphenous veins are harvested after the organs, and thus exposed to longer WIT. Loss of the mechanical force of blood flow through the vasculature in transplanted organs has been shown to result in a propagation of atypical cellular responses leading to the production of damaging free radicals. 18, 19 Furthermore, biomechanical studies have shown that ischemia time causes derangements in the cellular ultrastructure of allograft valves, and reperfusion injury may also lead to apoptosis of endothelial cells. 20, 21 However, this finding has not been previously reported in the vascular surgery literature and is unique to the current analysis. Future studies should continue to evaluate the impact of ischemia time on patency to determine if this variable will continue to have a role in patency, as well as the underlying mechanisms. It is recognized by the authors that there are many other known variables that far outweigh the effect WIT possibly plays in the patency of cryopreserved bypass conduits. We do not believe that WIT is a primary determinant of patency. Variables such as conduit length, bypass location, inflow/outflow procedure, and inherent patient disease certainly play a greater role. However, we believe that the novel finding of WIT and its effect on primary patency is important because it represents a modifiable variable with the potential to affect outcomes and further investigation is certainly warranted. In addition, if this factor does indeed affect outcomes, it should be tracked and, at minimum, be a variable collected on the Vascular Quality Initiative. Vascular surgeons should be aware of all of this information, and in the event thatdall things being equaldwhen presented an opportunity to use a graft with a shorter WIT, we now do at our institution. Furthermore, these grafts should typically be used as a last resort or in circumstances in which less expensive prosthetic grafts are inappropriate owing to infection.
Limitations of the present study include its retrospective nature with the inherent risk of selection bias, as well as the limited number of grafts (n ¼ 65). Owing to the limited number of subjects in this retrospective study, a cut-point analysis was not possible, and we are not able to give a recommendation as to what duration of WIT of the donor graft is clinically acceptable. The tissue processing organization uses a cut-point of 24, and we believe that this is suitable, but further investigation is warranted to determine if a shorter time may be more clinically acceptable. Further, the reported observations are merely associations between donor characteristics and primary patency; this does not imply a direct cause and effect relationship. At this institution, the surgeon's back table processing of the conduits is almost uniformly the same, but the decision as to when to use a cryopreserved conduit could be different among the surgeons. Rhesus and ABO status were missing for nine donors grafts. In addition, the conduit diameters reported herein are from the product insert schematic; it is possible that intraoperative trimming could have affected the accuracy of these measurements.
CONCLUSIONS
The current results indicate that increased WIT is associated with increased risk-adjusted loss of primary patency for lower extremity bypasses using cryopreserved conduits and reflect the outcomes of a single institution cohort of vascular surgery patients. Further investigation is certainly warranted, but vascular surgeons should be aware that donor WITs may affect outcomes for lower extremity bypasses with cryopreserved donor vessels. Surgeons can find information regarding WIT on the product schematic, along with vessel length and diameter, when requesting a cryopreserved vessel for an operation. Larger future analyses related to the impact of donor characteristics on cryopreserved conduits are warranted owing to the potential to significantly impact patient outcomes. The authors performed a retrospective single institution review of the performance of cryopreserved vessels, specifically femoral artery, femoral vein, and saphenous vein, in the management of lower extremity vascular disease. They were able to identify 60 patients in whom 65 cryopreserved vessels were used. Grafts were used in a variety of configurations including axial-femoral, ilio-femoral, femoral-femoral, femoral-popliteal, femoraldistal, and popliteal-distal. The indication for surgery was predominantly critical limb-threatening ischemia, but also included a few claudicants, aneurysms, and graft infections. Primary 12-month patency was 26%, which is typical of many other publications and is certainly consistent with my personal experience. Limb salvage was 75%, which is not surprising in that limb salvage is invariably superior to graft patency. There were no patient-specific factors that were associated with the loss of primary patency. In addition, ABO and Rh seromatch was not predictive of graft failure. There was a trend favoring arterial conduits in preference to venous conduits, but small numbers precluded a statistically significant conclusion. But of most interest, each increase in 60 minutes of warm ischemia time, was associated with a decrease in patency.
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The limitations of this study are apparent and acknowledged in the article: heterogeneity of indications, anatomic configurations, and relatively small numbers eliminates the possibility of achieving sweeping conclusions. This is a hypothesis-generating study and raises more questions than it answers. But given those caveats it certainly highlights important potential issues related to the use of allogeneic vascular grafts.
I have long been concerned that we know really very little about how the tissue banks, harvest, prepare, store, and deliver allogeneic blood vessels. Frankly, I was not aware that the warm ischemia time was a factor that was available to me as a consumer.
Several years ago, we looked at the preservation of endothelial function as measured by the presence of thrombomodulin on the surface in saphenous vein segments harvested for coronary bypass from the same patient. We were somewhat surprised to find that even after relatively short periods of time there was a significant decrease in the presence of measurable endothelial function, regardless of the storage method. So my first question relates to the biological function of the cryopreserved arterial and venous conduits. Are you aware of any data assessing the functional activity of these conduits?
Second, please make a comment regarding the lack of association between blood type seromatching and performance. It just seems counterintuitive.
Finally, should we be refusing to use conduits with excessive warm ischemia time? And if so, what is the cutoff point that we should be requesting?
Again, we appreciate you and your colleagues for choosing to present these data at the Southern Vascular.
Dr J. Michael Cullen. Thank you, Dr Eidt. There have been some studies conducted in cryopreserved cardiac valves, which have shown prolonged ischemia times, and even the preservation process itself, affects the functional activity and quality of the valve. I am unaware of similar published literature for cryopreserved cadaveric vessel conduits. To address the way that these vessels are curated by the tissue processing agents and a cutoff time, there is a proprietary process. The individuals who do process these vessels undergo a substantial amount of training, and they do everything by internal standards that have been determined by the tissue processing organizations, in our case LifeNet Health. Those operating procedure manualsdI do not believe that they are available for us to seeddictate how these vessels are curated and how they are modified when they are explanted. The tissue processing agencies have cutoff ischemia times, and there are some stipulations to this, but generally it is 24 hours. After 24 hours, they will not explant the vessels and then preserve them for bypasses. Now, I briefly mentioned this in the presentation, for an individual who is having their organs removed and will be transplanted into a recipient, the warm ischemia time for those individuals is typically around or less than 8 hours. For individuals that have died in the field after an accident and are transported directly to a funeral home, agents from the tissue processing organizations will go to the funeral home to process the tissue, and these vessels are typically associated with longer ischemic times. We cannot determine a cutoff time point from our study. There may potentially be one, but larger analyses will be required. Likewise, I think blood type seromatching could play a role in performance of these grafts, and has been shown in some studies, but larger numbers will likely be necessary to tease out its true role.
